Cyclic AMP represents one of the most studied signaling molecules and its role in proliferation and differentiation processes has been well established. Intracellular cAMP levels are tightly regulated where the MRP4 transporter plays a major role. In the present study, we sought to establish whether cAMP modulated MRP4 expression in pancreatic adenocarcinoma cell lines. Quantitative PCR and western blot studies showed that cAMP-increasing agents enhanced MRP4 transcripts and protein levels in PANC-1 cells. Reporter luciferase experiments carried out in pancreatic AR42J cells showed that intracellular cAMP up-regulates MRP4 through an Epac2-and Rap1-mediated mechanism whereas extracellular cAMP reduced MRP4 promoter activity by a MEK/ERK-mediated pathway. Present results show that cAMP regulates MRP4 promoter activity, and further indicate that the balance between intracellular and extracellular cAMP levels determines MRP4 expression.
Introduction
Cyclic AMP (cAMP), the first second messenger discovered, is one of the most studied signaling molecules and plays a critical role in cellular responses to extracellular stimuli. It controls a wide spectrum of biological effects including cell proliferation, differentiation, and apoptosis. The intracellular regulation of cAMP depends on the balance between its production by adenylyl cyclase, an enzyme stimulated by diverse hormones and neurotransmitters, and its degradation by phosphodiesterases (PDEs) [1] . However, recent studies support that the efflux of cAMP through members of the multidrug associated resistance protein family (MRPs) like MRP4, MRP5, and MRP8, constitutes an additional relevant mechanism involved in the regulation of cAMP signaling [2] [3] [4] [5] .
The MRP family belonging to the ATP-binding cassette (ABC) subfamily C of transporters participates not only in the development of resistance to chemotherapeutic agents but also in the efflux of various molecules involved in cellular physiology [6] . Therefore, the major role of these transporters is the efflux of drugs and endogenous molecules.
In particular, MRP4 is ubiquitously expressed, showing high expression levels in the prostate, liver, kidney, brain, as well as in hematopoietic cells [4, [7] [8] [9] . Substrates for MRP4 include antineoplasic drugs (methotrexate, 6-mercaptopurine, 6-thioguanine), antiviral agents (azidothymidine, tenofovir, lamivudine, and ganciclovir) and endogenous molecules (prostaglandins, cyclic nucleotides, steroids, bile acids and folate) [10] [11] [12] [13] .
Current evidence supports that MRP4 plays a dual role in cancer given that it not only mediates the efflux of chemotherapeutic agents but it also transports prostaglandins and cyclic nucleotides that are involved in the regulation of cell proliferation and differentiation.
We previously reported that MRPs, in particular MRP4, play a relevant role in intracellular cAMP regulation in human acute myeloid leukemia cells [14] . This study provided the first experimental evidence that MRP4 and cAMP extrusion may represent a new potential target for differentiation therapy. Moreover, several clinical studies using tumor genome sequencing showed MRP4 expression as a prognosis marker in esophageal [15] , gastric [16] , rectal [17] , lung [18] , ovarian [19] and prostate [20] cancer as well as in neuroblastoma [21] . Furthermore, current evidence also supports that MRP4 expression may represent a relevant pharmacological target [22] .
Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer related death in the world but it is projected to be the second cause by 2030 [23] . Its poor prognosis is attributable mainly to the lack of early detection methods and effective treatments [24] . The resistance of PDAC to various forms of chemotherapy has been associated to both intrinsic and/ or acquired MRPs-mediated resistance in these cancer cells. Recent studies show that MRP4 expression is higher in PDAC than in normal pancreatic tissue [25] . MRP4 regulation has not been extensively studied, but recent reports show the importance of xenobiotics in MRP4 regulation at the transcriptional level in the liver [26] .
Given the importance of MRP4 in the regulation of intracellular cAMP levels and the limited knowledge regarding its regulation, the aim of the present work was to evaluate the role of cAMP in MRP4 expression as well as the underlying signaling pathways. Present findings show that cAMP regulates the activity of MRP4 promoter through a dual mechanism. While intracellular cAMP (i-cAMP) induces MRP4 expression through an Epac2/Rap1 mechanism, extracellular cAMP (e-cAMP) inhibits MRP4 promoter activity by a MEK/ERK pathway. Considering the relevance of cAMP tight regulation in cell proliferation and differentiation, it is possible to hypothesize that this mechanism may compensate high and sustained increases in i-cAMP levels.
Materials and Methods Materials
RPMI-1640 medium, DMEM medium, antibiotics, phosphate-buffered saline (PBS), bovine serum albumin (BSA), 3-isobutyl-1-methylxanthine (IBMX), cAMP, db-cAMP, forskolin, PGE2, KT5720, cycloheximide and ESI-09 were obtained from Sigma. Fetal bovine serum (FBS) was purchased from Natocor. MK-571 (3- 
Cell culture
PANC-1 (ATCC, Rockville, MD, USA), an epithelial cell line derived from a human pancreatic adenocarcinoma of ductal cell origin, and AR42J cells (ATCC, Rockville, MD, USA) derived from a rat pancreatic tumor were grown in 25cm 2 flasks at 37°C in a humidified 5% CO 2 atmosphere in RPMI-1640 medium and DMEM medium respectively, supplemented with 10% fetal bovine serum and 50μg/mL gentamicin.
cAMP Assay AR42J cells were seeded in 48-well plates in DMEM medium at a density of 1x10 5 cells/well and exposed to various agents at different concentrations and time points as indicated in the corresponding figure legends. Following treatment, supernatants were removed and placed over 0.8ml of ethanol (extracellular cAMP) and 0.8ml of ethanol was added to each well (intracellular cAMP). Ethanol was dried out, and residues suspended in 50mM Tris-HCl, pH 7.4, 0.1% BSA for further cAMP determination. Cyclic AMP content was determined by a competitive radio-binding assay for PKA using [ 3 H]-cAMP as previously described [27] . The standard curve was performed using eight cAMP concentrations ranging from 0.1 to 90 pmol. Duplicate samples in at least three independent experiments were analyzed.
RT-PCR and Quantitative Real-time PCR
Total RNA was isolated from PANC-1 cells using Quick-Zol reagent (Kalium Technologies) following the manufacturer's instructions. For the first-strand cDNA synthesis, 1μg of total RNA was reverse-transcribed using the High Capacity cDNA Reverse Transcription kit (AB) with random primers. Quantitative real-time PCR (qPCR) was performed using 1μL of the resulting cDNA, amplified at 45 cycles for 15s at 94°C, 20s at melting temperature (60°C), and 30s at 72°C using the HOT FIREPol EvaGreen qPCR Mix Plus (Solis Biodyne). Quantitative PCR was performed in triplicate using the Rotor Gene Q detection system (Qiagen) and the following primers: human MRP4 forward, 5'-GGACAAAGACAACTGGTGTGCC-3' and reverse, 5'-AATGGTTAGCACGGTGCAGTGG-3'; and human β-Actin (βAct) forward, 5'-GGACTTCGAGCAAGAGATGG-3' and reverse 5'-AGCACTGTGTTGGCGTACAG-3'. The specificity of each primer set was monitored by analyzing the dissociation curve, and the relative MRP4 mRNA quantification was performed using the comparative ΔΔCt method using Actin as the housekeeping gene.
Plasmid constructs
pCMV-Myc-EPAC, pCMV-Myc-N-EPAC, pMT2-HA-EPAC2, pCGN-HA-Rap1a, pCGN-HA-Rap1b and pMT2-HA-Rap1GAP plasmids [28] were kindly provided by Dr. Omar Coso (Department of Physiology and Molecular Biology, FCEN, UBA, Buenos Aires, Argentina). pGFP-PKI, pGFP-PKImut, pcDNA3-DN-HRas and pcDNA3-DN-KRas plasmids were a kind gift of Dr J. Silvio Gutkind (Oral and Pharyngeal Cancer Branch, National Institutes of Health, Bethesda, USA). pACL4-AKT1-Δ4-129 (AKTmyr) was a gift from Dr. Virgina Novaro (Laboratorio de Carcinogénesis Hormonal, IBYME-CONICET, Buenos Aires, Argentina). A 2372bp fraction of the 5'-flanking region of the human MRP4 gene was amplified using the RP11-789G22 BAC clone as template (license provided by the Sanger Institute, Hinxton, UK) and the following primers: forward (+48bp-BglII-fw) 5'-CGCAGATCTACCTCAAG-CAGGGATG-3' and reverse (-2324bp-KpnI-rv) 5'-CTGGTACCGCTGGGAT-TATGGGCTTG-3' (positions relative to translational starting site). The amplification product was cloned into the pGL3-basic (Promega) firefly luciferase reporter vector (named MRP4-Luc) and the integrity of the sequence was controlled by sequencing.
Transfection and reporter gene assays
AR42J cells seeded on 12-well plates were transfected using the K2 Transfection System (Biontex, Munich, Germany) with the pMRP4-Luc luciferase reporter plasmid according to the manufacturer's instructions. In some experiments, cells were also co-transfected with the plasmid constructs previously detailed or an empty vector to maintain the total amount of DNA equal. After 6h, cells were seeded in 96-well plates and stimulated with diverse agents after 24h. Luciferase activity was measured 24h later with the Steady-Glo Luciferase Assay System according to the manufacturer's instructions (Promega Biosciences Inc. San Luis Obispo, CA, USA) using the FlexStation 3 Multi-Mode Microplate Reader (Molecular Devices, LLC). Experimental reporter activity was normalized by the CellTiter 96 AQueous One Solution Cell Proliferation Assay (MTS) kit (Promega) and the data was expressed as a percent of each basal condition.
Western Blot Assay
Cells were lysed in 50mM Tris-HCl pH 6.8, 2% SDS, 100mM 2-mercaptoethanol, 10% glycerol, and 0.05% bromophenol blue and sonicated to shear DNA. Total cell lysates were resolved by 8% SDS-PAGE for Multidrug-Resistance Protein 4 (MRP4) detection or 10% SDS PAGE for pERK detection, blotted, and incubated with 3μg/ml rat monoclonal anti-MRP4 M4I-10 (Alexis Biochemicals); 1μg/ml mouse monoclonal anti-pERK or ERK1/2 (Santa Cruz Biotechnology); or 1μg/ml rabbit anti-actin antibody (Santa Cruz Biotechnology) in PBS containing 0.05% Tween 20. All subsequent washes were performed with the same buffer. Reactivity was developed using an anti-rat, anti-mouse, or anti-rabbit polyclonal antibody linked to horseradish peroxidase (Santa Cruz Biotechnology) and enhanced chemiluminescence reagents following the manufacturer's instructions (Amersham Biosciences).
Data Analysis
Results are expressed as mean ± SEM. Statistical analysis was performed by one-way analysis of variance followed by Bonferroni's multiple comparison test. Values of p<0.05 were considered statistically significant.
Results and Discussion
In order to evaluate the role of cAMP in modulating MRP4 expression in pancreatic cell lines, MRP4 mRNA transcripts were assessed by real-time PCR. PANC-1 cells, a widely used epithelial ductal pancreatic carcinoma model, were exposed to forskolin (adenylyl cyclase direct activator), IBMX (PDE inhibitor) and db-cAMP (cAMP permeable analog). Following cell exposure, all the agents assessed led to an approximate 2-fold increase in MRP4 mRNA levels as compared with untreated cells. These results indicate that cAMP increasing agents up-regulate MRP4. It is worth noting that cycloheximide treatment abolished db-cAMP-stimulated increase in MRP4 mRNA, suggesting that de novo synthesis is required for cAMP-mediated MRP4 transcription (Fig. 1A) . In accordance, when MRP4 protein levels were analyzed by western blot, we observed a significant increase in MRP4 expression in cells exposed to forskolin, db-cAMP and IBMX (Fig. 1B) . The increase in both mRNA and protein levels may result from a higher stability in mRNA transcripts as well as by MRP4 transcription stimulation. Therefore, we addressed MRP4 promoter activity by luciferase reporter assays.
In an attempt to study MRP4 transcriptional regulation we analyzed a 2.5kb region upstream to the transcriptional start site (TSS) of the human MRP4 gene using the Mat Inspector software (Genomatrix Suite Software). The in silico analysis revealed three putative CREB protein binding sites. In addition, other sites related to pathways that crosstalk with cAMP signaling like ELK1, AP1 and Myc were also identified (S1A Fig.) . Therefore, we cloned a 2372bp fragment from the human MRP4 gene from +48 to −2324bp respect to the TSS into the pGL3-basic reporter vector (named MRP4-Luc) and assayed luciferase activity in another pancreatic model, AR42J cells [29] , where the expression levels of MRP4 are lower than in PANC1cells, facilitating the study of promoter activating agents, and where transfection and luciferase assays are extensively performed. Luciferase reporter assay showed that this construct led to a 45-fold higher activity than the empty vector (S1B Fig.) indicating a significant constitutive activity of the promoter in this system.
We next evaluated cAMP response in this system by kinetic experiments. Treatment with 1μM forskolin showed a rapid increase in intracellular cAMP levels that was followed by a Fig 1. Effect of cAMP modulating agents on MRP4 expression in PANC-1 cells. Cells were exposed to agents that modulate the cAMP pathway at the indicated concentrations. Cells were harvested 24h after stimulation for mRNA quantitation, and after 48h for protein detection by immunoblotting. A. MRP4 mRNA was quantified by real-time PCR, normalized by β-actin mRNA and expressed relative to control (mean±SD; n = 3). B. top. Densitometric quantification of MRP4 protein bands normalized to β-actin and expressed relative to control (mean±SD; n = 6), bottom, representative western blot assay of six independent experiments is shown. *** p< 0.001. doi:10.1371/journal.pone.0120651.g001 delayed increment in extracellular levels. It is worth noting that even after 60 min of treatment with forskolin, i-cAMP concentration was still significantly different from basal level (Fig. 2A) . In the same way, 15 min treatment with IBMX also increased i-cAMP from 0.5±0.1 to 41±5 pmol/well, while e-cAMP increased from 0.30±0.05 to 1.9±0.1 pmol/well (Fig. 2B) . These results indicate that a generalized and sustained increase in i-cAMP levels is achieved with forskolin and IBMX, and that cAMP is extruded in both basal and stimulated conditions. When luciferase activity was evaluated in MRP4-Luc transfected AR42J cells following exposure to cAMP modulating agents, it was observed that both db-cAMP and IBMX caused a concentration-dependent increase in luciferase activity. Interestingly, the treatment with low concentrations of forskolin (0.1 and 1μM) also led to an increased in the reporter activity while the treatment with 100μM forskolin had the opposite effect (Fig. 2C) .
These results indicate that the increment in cAMP levels achieved by the assayed agents induce MRP4 promoter activity. In this sense, it has been recently reported the existence of activating mutations in Gs proteins or GPCRs which lead to exacerbated cAMP signaling in diverse tumors including pancreatic carcinoma [30] . Based on these findings and present results, the higher expression of MRP4 observed in pancreatic ductal adenocarcinoma samples may be attributable to an increased and sustained cAMP production caused by mutations in Gs signaling.
Given that the major intracellular target for cAMP is protein kinase A (PKA) we next addressed whether this kinase mediated cAMP-induced MRP4 up-regulation. The widespread used PKA inhibitor, KT5720, failed to inhibit both db-cAMP and IBMX responses (Fig. 3A) . These findings were further confirmed by the observation that the MRP4 promoter activity was neither modified by PKI, a PKA peptide inhibitor (PKI wt), nor by an inactive mutant of this peptide (PKI mut) used as control (Fig. 3B) . Both KT5720 and PKI construct were able to inhibit the phosphorylation of PKA substrates in AR42J cells when evaluated by western blot using an anti-PKA phosphorylated substrates-antibody (data not shown). These findings indicate that the cAMP-mediated MRP4 promoter induction is independent of the PKA signaling in AR42J cells.
Since PKA signaling did not mediate cAMP induction of MRP4, we next evaluated whether the exchange proteins directly activated by cAMP (Epacs) were involved in the regulation of MRP4 promoter by treating the cells with 8-CPT-2Me-cAMP, a selective activator of Epac. Results showed that 8-CPT-2Me-cAMP stimulated promoter activity in a concentration dependent fashion (Fig. 4A) . Similarly, the co-transfection with Epac2, which contains an additional low affinity cAMP binding domain (CBD) [31, 32] , increased the promoter basal activity and further enhanced db-cAMP response ( Fig. 4B and C) . To confirm this observation, we cotransfected AR42J cells with a dominant negative mutant of Epac (N-Epac), that has been shown to abolish Epac GEF activity by competition. Consistently, N-Epac blunted db-cAMP response and reduced basal luciferase activity in AR42J cells; similar results were obtained with the Epac pharmacological inhibitor ESI-09 ( Fig. 4B and C) . Interestingly, Epac1 overexpression, behaved as the N-Epac construct, this could be explained in terms of competition for cAMP by Epac1 and Epac2, where only Epac2 is responsible of MRP4 promoter induction. Similar findings, regarding induction of MRP4 following cAMP sustained stimulation, were recently reported by other authors [33] .
Given that Epac proteins behave as specific GTP exchange factors (GEFs) for the Ras GTPase family members of Rap, we evaluated their downstream participation in Epac-mediated cAMP response. While only Rap1a significantly increased MRP4 basal promoter activity (Fig. 5A) , both Rap1a and Rap1b enhanced forskolin-induced MRP4 promoter activity (Fig. 5B) . Consistently, the Rap1GAP construct, which accelerates Rap1 GTP hydrolysis, abolished the effect of the cAMP response over the MRP4 promoter (Fig. 5B) . It has been previously described that PI3K is involved in the regulation of MRP4 expression by interleukin-6 [34] in keratinocytes and dermal fibroblasts. To further elucidate whether this signaling pathway is involved in cAMP-mediated induction of MRP4, inhibitors of the PI3K/ Akt/mTOR pathway were used. Neither PI3K inhibitors (Wortmanin and LY294002) nor the PKA pathway and regulation of MRP4 promoter activity in AR42J cells. Cells were transfected with MRP4-Luc and co-transfected using the constructs indicated. 24h after transfection the cells were treated with the different agents indicated. Luciferase activity was measured after 24h in cell lysates and data was referred to control. A. Effect of KT5720, a PKA pharmacological inhibitor, on db-cAMP-or IBMX-induced promoter activity (mean±SD; n = 3). B. Effect of the co-transfection with PKI wt (wild type protein kinase inhibitor) or PKI mut (inactive protein kinase inhibitor mutant) on db-cAMP-or IBMX-induced promoter activity (mean±SD; n = 3). ns, non-significant differences.
doi:10.1371/journal.pone.0120651.g003 mTOR inhibitor, Rapamycin, modified basal or induced MRP4 promoter activity. In accordance, the constitutive active form of Akt (Akt-myr) failed to modify luciferase activity (Fig. 5C ) further supporting that the PI3K/Akt/mTOR pathway is not involved in cAMP mediated up-regulation of MRP4 in this model. Conversely, when MEK/ERK pathway was evaluated we observed that PD98059 and UO126 (MEK/ERK inhibitors) significantly enhanced both basal and db-cAMP-induced promoter activity. Furthermore, when we co-transfected AR42J cells with dominant negative mutants of the MEK/ERK upstream activators, K-Ras and H-Ras, we observed an increase in basal luciferase activity. In accordance, EGF treatment diminished the promoter activity, being this response inhibited by PD98059 (Fig. 5D ). These findings indicate that in this system, the MEK/ERK pathway negatively modulates the MRP4 promoter activity. Taking into account that it has been previously reported that Rap1 antagonizes Ras activation and consequently abrogates MEK/ERK pathway [35] , our results could be explained in terms of cAMP-mediated activation of Rap1. In addition, there is also evidence for the transcriptional activation of MAP kinase phosphatases (MKP1) by cAMP [36] , which may explain not only cAMP-mediated MRP4 promoter regulation but also the observation that activation of MRP4 transcription by cAMP depends on de novo synthesis.
In several cell types, including pancreatic acinar cells, MRP4 plays a crucial role in the physiological regulation of i-cAMP levels [29] . Therefore, we evaluated the effect of MRPs inhibition on MRP4 promoter activity by exposing AR42J cells to MK-571, a MRP inhibitor. Results showed that MK-571 treatment induced a concentration-dependent increase in luciferase activity (Fig. 6A) . It is worth noting that when we evaluated cAMP modulation, MK-571 led to a 10-fold decrease in e-cAMP, and increased i-cAMP levels by 1.6-fold (Fig. 6B) . Based on that, it seems like the balance between i-cAMP and e-cAMP levels could determine the effect of cAMP over MRP4 promoter activity. In this sense, high concentrations of forskolin (333μM) diminished MRP4 promoter activity, while low concentration of the agent (1μM) resulted in promoter activation (Fig. 6A) . It is worth noting that i-cAMP/e-cAMP ratio after treatment with 333μM forskolin was similar to basal levels while in the case of 1μM forskolin, it was significantly higher than in untreated cells (Fig. 6C) . Interestingly, when 333μM forskolin was added concomitantly with MK-571, both i-cAMP/e-cAMP ratio and luciferase activity were significantly higher than in control cells (Fig. 6A and C) . These results suggest that cAMP increasing agents may induce MRP4 promoter activity only when i-cAMP/e-cAMP ratio achieved is significantly higher than basal. These findings could suggest that MRP4-mediated transport may be implicated in the regulation of MRP4 expression aside from the effects described for i-cAMP. In this regard, e-cAMP and/or another MRP4 endogenous substrate, such as PGE2, may also participate in MRP4 transcriptional regulation.
Previous reports proposed that extracellular cAMP may behave as a "third messenger" by mediating effects at the extracellular space [37] . Therefore, we addressed this possibility and observed that following 24h treatment with cAMP (which does not cross the plasma membrane), MRP4 promoter activity decreased by 45% suggesting that e-cAMP may also regulate MRP4 expression in a negative manner. When the effect of 10μM PGE2 was evaluated, it did not modify cAMP levels (data not shown) or luciferase activity in AR42J cells (Fig. 7A) , excluding its involvement in the regulation of the MRP4 promoter observed after treatment with MK-571. Consistently, the addition of cAMP partially reversed MK-571 response (Fig. 7A) .
Knowing that MEK/ERK pathway mediates a negative regulation over MRP4 promoter activity, we evaluated ERK involvement in the effects evoked by e-cAMP. Incubation of the cells with 10μM cAMP led to a rapid increase in phosphorylated ERK (P-ERK) levels, reaching a 2-fold increase after 10min treatment (Fig. 7B) . The MEK/ERK inhibitor PD98059 completely abolished e-cAMP-mediated reduction in luciferase activity (Fig. 7A) . These findings indicate that e-cAMP increase P-ERK levels in AR42J cells and reduced MRP4 promoter transcriptional activity through the MEK/ERK pathway. It has been reported that e-cAMP can be metabolized to adenosine by the action of ecto-phosphodiesterases and ecto-5´-nucleotidases, and that some products of this metabolic conversion are responsible for the observed effects of e-cAMP. Based on that, we cannot currently state whether the e-cAMP effect on the MRP4 promoter involves a direct or indirect mechanism and needs to be further investigated [37, 38] .
Conclusion
The major finding of the present study was that MRP4 is transcriptionally regulated by cAMP through a mechanism where the balance between intracellular and extracellular cAMP plays a key role in the feedback regulation of the transporter expression. Sustained i-cAMP increase in AR42J cells induced the MRP4 promoter through the Epac/Rap1 pathway whereas e-cAMP inhibited it through ERK phosphorylation. Present findings may constitute one possible explanation to the higher expression of MRP4 observed in other pancreatic adenocarcinoma cells, as Cells were transfected with MRP4-Luc and further exposed to the indicated agents. Luciferase activities were measured after 24h in the cell lysates and data was referred to untreated control. (mean±SD; n = 3), ***p<0.001. B. Effect of MK-571 on extracellular (e-cAMP) and intracellular (i-cAMP) cAMP levels. Cells were treated for 6h with MK-571 and cAMP levels were determined as described under Materials and Methods (mean±SD; n = 3). ***p<0.01. C. e-cAMP/icAMP ratio. Cells were treated for 10min with the indicated agents and cAMP levels were determined as described under Materials and Methods. The ratio between i-cAMP and e-cAMP values are shown as mean±SD; n = 3. ***p<0.01, ns. non-significant differences respect to basal. PANC1 cells, where exacerbated cAMP signaling has been described [30] respect to normal pancreatic tissue. (TIF)
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